AtHMA1 is a member of the heavy metal-transporting ATPase family. It exhibits amino acid sequence similarity to two other Zn(II) transporters, AtHMA2 and AtHMA4, and contains poly-His motifs that are commonly found in Zn(II)-binding proteins, but lacks some amino acids that are typical for this class of transporters. AtHMA1 localizes to the chloroplast envelope. In comparison with wild-type plants, we observed a more pronounced sensitivity in the presence of high Zn(II) concentrations, and increased accumulation of Zn in the chloroplast of T-DNA insertional mutants in AtHMA1. The Zn(II)-sensitive phenotype of AtHMA1 knock-out plants was complemented by the expression of AtHMA1 under the control of its own promoter. The Zn(II)-transporting activity of AtHMA1 was confirmed in a heterologous expression system, Saccharomyces cerevisiae. The sensitivity of yeast to high concentrations of Zn(II) was altered by the expression of AtHMA1 lacking its Nterminal chloroplast-targeting signal. Taken together, these results suggest that under conditions of excess Zn(II), AtHMA1 contributes to Zn(II) detoxification by reducing the Zn content of Arabidopsis thaliana plastids.
INTRODUCTION
Zinc (Zn) is an essential micronutrient that plays catalytic and structural roles in a large number of proteins required for essential functions in the cell (Marschner, 1995) . However, in plants, an excess of Zn(II) is toxic, leading to the inhibition of root elongation and chlorosis in young leaves (Marschner, 1995) . Crops cultivated on Zn-contaminated soils contain high levels of Zn, which can adversely affect human health (Barceloux, 1999; Dudka and Miller, 1999) . Zn exists naturally in the soil, with concentrations ranging between 10 and 300 mg kg )1 (Barceloux, 1999) . However, metal alloy manufacturing and certain modern farming methods can lead to significant increases in the Zn content of soil (Cunningham et al., 1995; Eapen and D' Souza, 2005) . Zn(II) is used as an activator of herbicides, and exists as an impurity in inorganic fertilizers. Thus, very high levels of Zn may accumulate from the use of both herbicides and phosphate fertilizers (Gimeno-Garcia et al., 1996) . As the solubility of inorganic Zn(II) increases with decreasing soil pH, Zn contamination of soils, and its accumulation in plants, is exacerbated by acid rain and the continued use of soil-acidifying ammonia fertilizers. A detailed study of the transporters involved in maintaining optimal Zn concentrations in plants should provide valuable information for the improvement of crop yield, and the development of crop plants that do not accumulate excessive levels of Zn, even when cultivated on soils containing high levels of this metal. The ionic radius of Zn(II) is similar to those of Fe(II) and Mg(II), and, in excess, it causes toxicity to basic cellular functions, as it can be easily substituted for these two metals in the active sites of enzymes or transporters (Marschner, 1995) . Excess Zn(II) can induce Fe(II) or Mg(II) deficiencies in the cytoplasm, and thus Zn efflux systems are required to maintain optimal Zn(II) levels. The efflux of Zn from leaf cells is also important for the normal recycling of Zn during the senescence of leaves. However, our understanding of the mechanisms underlying its removal from plant cells remains preliminary.
Zn(II) uptake transport systems have been characterized in various organisms (Guerinot and Eide, 1999; Gaither and Eide, 2001; Hantke, 2001; Kambe et al., 2004) . Specifically, the Zrt-and Irt-like protein (ZIP) and cation diffusion facilitator (CDF) families have been identified as important Zn(II) transporters (Gaither and Eide, 2001) , as have the Ptype heavy metal ATPase (HMA) proteins, which belong to the P 1B ATPase subgroup (Eren and Arguello, 2004; Hussain et al., 2004; Verret et al., 2004; Mills et al., 2005) . Although P 1B ATPases have been identified in bacteria, yeast, animals and plants (Axelsen and Palmgren, 2001) , they have not yet been characterized as fully as other subgroups of the P-type ATPases. P 1B ATPases have been implicated in the transport of Cu(II), Zn(II) and toxic metals across the cell membrane. For example, Escherichia coli ZntA mediates resistance to toxic concentrations of Pb(II), Cd(II) and Zn(II) by exporting them from the cell: the knock-out of ZntA results in sensitivity to high concentrations of these metals (Rensing et al., 1997; Resning et al., 1998) .
Arabidopsis contains eight P 1B ATPases, which can be divided into two groups according to sequence conservation among the P-type ATPases, including HMA families from other organisms. AtHMA1, AtHMA2, AtHMA3 and AtHMA4 belong to the Zn(II), Co(II), Cd(II) and Pb(II) ATPase group, whereas AtHMA5, AtHMA6 (PAA1), AtH-MA7 (RAN1) and AtHMA8 (PAA2) belong to Cu(II) and Ag(II) ATPases (Axelsen and Palmgren, 2001 ). AtHMA2 and AtHMA4 localize to the plasma membrane, and these Zn(II) efflux pumps are expressed in vascular tissues (Eren and Arguello, 2004; Hussain et al., 2004; Verret et al., 2004; Mills et al., 2005) . AtHMA4 knock-out plants are more sensitive to excess Zn(II) and Cd(II), and accumulate less Zn in shoots and more in roots than wild-type plants do Mills et al., 2005) , which suggests that AtHMA4 is involved in the long-distance transport of Zn(II). It has been suggested that AtHMA2 and AtHMA4 perform overlapping functions, as athma2 athma4 double knock-out mutants exhibit symptoms of Zn(II) deficiency, even under normal growth conditions. These symptoms can be rescued if additional Zn(II) is supplied (Hussain et al., 2004) . In the hyperaccumulator Arabidopsis halleri HMA4 has been shown to be responsible for the transport of Zn, and hence for the hyperaccumulation trait (Hanikenne et al., 2008) . When expressed in the Dycf1 mutant yeast, AtHMA3 localizes to the vacuolar membrane, and complements the Cd(II) and Pb(II)-sensitive phenotype of the mutant . Later studies also confirmed these results in plants, and indicate that HMA3 is involved in Zn, Cd, Co and Pb detoxification (Morel et al., 2008) .
Four of the Arabidopsis P 1B ATPases (AtHMA5, AtHMA6, AtHMA7 and AtHMA8) were classified as members of the Cu(II) and Ag(II) ATPases, and these have been reported to function as Cu(II) transporters. AtHMA7 localizes to the postGolgi membrane, where it transports Cu(II) for the ethylene receptor (Hirayama et al., 1999; Woeste and Kieber, 2000) . AtHMA6 and AtHMA8 are chloroplast-localized Cu(II) ATPases that deliver Cu(II) to plastocyanin and Cu/Zn-superoxide dismutase (SOD) (Shikanai et al., 2003; Abdel-Ghany et al., 2005) . AtHMA5 interacts with a copper chaperon, and in the presence of high Cu(II) concentrations, AtHMA5 knock-out plants show retardation of root growth (AndresColas et al., 2006) .
AtHMA1 is another HMA protein that locates to the chloroplast envelope, and it has been reported to function as a Cu(II) transporter (Seigneurin-Berny et al., 2006) . This is in contrast to other members of the subgroup (HMA2, HMA3 and HMA4) that have been shown to transport Zn(II), Cd(II) or Pb(II), as predicted by their amino acid sequences (Axelsen and Palmgren, 2001) . In comparison to the wild type, less Cu accumulates in the chloroplasts of AtHMA1 knock-out plants, and the Cu(II)-induced ATPase activity in the chloroplast envelopes is decreased. In addition, AtHMA1 knock-out plants show lower total SOD activity than wild-type plants, and exhibit hypersensitivity under high light conditions. However, the growth of wildtype and AtHMA1 knock-out plants do not appear to differ under a variety of supplemental Cu(II) concentrations (Seigneurin-Berny et al., 2006) . Recently, Moreno et al. (2008) reported that AtHMA1 exhibits Ca 2+ , Cd(II), Zn(II), Cu(II) and Co(II) transporting activity in yeast, and that the expression of AtHMA1 in Dpmr1 mutant yeast restores Ca 2+ transport into the lumen of the Golgi apparatus.
Furthermore, intracellular membrane vesicles isolated from AtHMA1-expressing yeast display ATP-dependent Ca 2+ uptake activity (Moreno et al., 2008) . In Dycf1 mutant yeast, the expression of AtHMA1 enhances resistance to excess Cd(II), Zn(II), Cu(II) and Co(II), and the ATPase activity of AtHMA1 is activated by these metal ions (Moreno et al., 2008) . Here, we used AtHMA1 knock-out plants and yeast strains lacking Zn(II) transporters to characterize the function of Arabidopsis HMA1 (HMA1) as a Zn(II) detoxifier. In comparison to wild-type plants, HMA1 knock-outs exhibited greater sensitivity to excess Zn(II), and accumulated more Zn in their shoots. In Zn(II)-sensitive yeast strains, HMA1 expression exacerbated their sensitivity to excess Zn(II), and stimulated the cellular accumulation of Zn. These results indicate that HMA1 plays an important role in Zn(II) detoxification in Arabidopsis.
RESULTS

Sequence analysis of HMA1
The internet-accessible programs SOSUI and HMMTOP were used to predict structural features within HMA1, and an amino acid sequence alignment between HMA1 and other heavy metal-transporting P-type ATPases, from Arabidopsis and E. coli, was performed using CLUSTALW ( Figure 1a ). Similar to other members of the group, HMA1 contains seven transmembrane (TM) domains, with a small cytosolic loop between TM domains 3 and 4, and a large cytosolic loop between TM domains 5 and 6. In addition, the protein contains an HMA consensus sequence (SPC or CPC), an Asp site (position 453) commonly phosphorylated in P-type ATPases and a conserved ATP-binding site. Its overall amino acid sequence exhibits 33 and 27% similarity to HMA2 and HMA4, respectively. Although other members of the family contain a C-terminal extension, HMA1 displays an N-terminal extension that contains a poly-His motif commonly identified in Zn(II)-binding proteins (Gaither and Eide, 2001; Mills et al., 2005) . Similar poly-His motifs are found in the C-terminal extensions of HMA2 and HMA4.
HMA1 is classified into the Zn(II), Pb(II) and Cd(II) ATPase subfamily, together with HMA2, HMA3 and HMA4, whereas HMA5, HMA6, HMA7 and HMA8 are classified into the Cu(II) and Ag(II) ATPase subfamily (Axelsen and Palmgren, 2001 Figure S2 ) in the seventh TM domain appear to be important for Cu binding. In HMA1, they are replaced by S747 (Ser) and I748 (Ile) (yellow in Figure 1 ). These amino acids also differ from the Met, Ile, Leu and Lys (red in Figures 1a and S2) found at the corresponding sites of Zn(II) ATPases, such as ZntA, HMA2, HMA3 and HMA4, with respect to hydrophobicity and charge number.
In the E. coli Zn(II)-, Pb(II)-and Cd(II)-transporting P-type ATPase, ZntA, the metal-binding residues are K693 (Lys) and D714 (Asp) (Dutta et al., 2006; Okkeri and Haltia, 2006) , and these amino acids are found commonly in the Arabidopsis Zn(II), Cd(II) and Pb(II) ATPases HMA2, HMA3 and HMA4 (red in Figures 1a and S2 We used three independent alleles of HMA1 knock-out Arabidopsis plants. Knock-outs were derived from T-DNA insertions into the first exon (hma1-1), 11th intron (hma1-2) and sixth intron (hma1-3) ( Figure S3A ). The hma1-1 and hma1-2 knock-outs were insertion lines in the Arabidopsis Colombia-0 (Col-0) ecotype, whereas hma1-3 knock-out plants were derived from the Arabidopsis Wassilewskija (Ws) ecotype. Homozygous knock-out plants were confirmed by genomic-DNA PCR ( Figure S3B ) and reverse transcription (RT)-PCR ( Figure S3C ). Under normal growth conditions on half-strength MS agar medium, the three hma1 mutants exhibited similar growth and development as their respective wild-type plants ( Figure 2a ,b left). To identify whether HMA1 is implicated in Zn(II) transport, knock-out plants were grown on media containing an excess of Zn(II), or were grown on Zn(II)-deficient media. Under Zn(II)-deficient conditions, in which Zn(II) was omitted from the half-strength MS medium, similar growth was observed between wild-type and hma1 mutant plants (data not shown). However, in the presence of excess Zn(II), the three hma1 mutants exhibited severely reduced growth compared with wild-type plants (Figure 2 ). In the presence of high concentrations of Zn(II), we observed the typical symptoms of Zn toxicity, including root-growth inhibition, shoot-growth retardation and chlorosis (Marschner, 1995) , with hma1 mutants showing more severe symptoms than wild-type plants (Figure 2) . Interestingly, the differences between the wild type and the mutants were more pronounced for hma1-1 and hma1-2 than for hma1-3, suggesting a difference in Zn tolerance of the two ecotypes. The Zn(II)-sensitive phenotypes of hma1-1 and hma1-2 plants were quantified and compared with wild-type plants. In all plants, the shoot fresh weight, chlorophyll content and root length decreased significantly as the Zn(II) concentration in the medium increased (Figure 2c, d, e) . However, the mutants displayed more severe symptoms than wild-type plants under these conditions: the fresh shoot weight and chlorophyll content of hma1-1 and hma1-2 mutants were <40% of those in the wild type at a Zn(II) concentration of AtHMA1 in the detoxification of excess Zn(II) 739 0.4 mM (Figure 2c,d) . These results suggest that HMA1 functions as a detoxifier of excess Zn(II).
To exclude the possibility of spontaneous mutation or unidentified T-DNA tagging in genomic DNA, three serial crosses were performed between hma1-1 and Col-0 wildtype plants, and a homozygous HMA1 knock-out plant was identified via genomic-DNA PCR and RT-PCR. The original hma1-1 and backcrossed hma1-1 mutants displayed similar Zn(II) hypersensitivity, relative to wild-type plants (data not shown), confirming that this response was the result of the T-DNA insertion in HMA1.
HMA1 knock-outs were reported to exhibit a photosensitive phenotype under growth conditions with intense illumination, but not under moderate illumination (up to 110 lmol m )2 sec )1 white light; Seigneurin-Berny et al.,
2006). To determine whether there was a correlation between the Zn(II)-sensitive and photosensitive phenotypes of hma1, we analyzed the wild-type and hma1-1 mutant plants that were grown in the dark on media containing excess Zn(II). Although the presence of high concentrations of Zn(II) inhibited the petiole elongation and root growth in both hma1-1 and wild-type seedlings grown in darkness (a) Alignment of amino acid sequences for HMA1, HMA2, HMA3 and HMA4 from Arabidopsis, and ZntA from Escherichia coli. Sequence alignment was performed by CLUSTALW. The C-terminal extensions of HMA2 and HMA4 were omitted. The following features have been highlighted: seven predicted TM domains (underlined in dark green); a poly-His region (blue); HMA consensus regions (CPC, SPC, GMXCXXC or GICCXX; green); metal-binding residues of Zn(II) transporters (red); phosphorylation and ATP-binding consensus sequences conserved in P-type ATPases (pink and orange, respectively); and HMA1 residues that differ significantly from the consensus (yellow).
(b) Phylogenetic analysis of heavy metal ATPases in Arabidopsis. The neighbor-joining phylogenetic tree was constructed using MEGA 3.0 after CLUSTALW alignment of the full-length amino acid sequences of heavy metal ATPases in Arabidopsis.
( Figure S4 ), hma1-1 seedlings were more severely inhibited than wild-type seedlings ( Figure S4 ), similar to plants grown under our normal light conditions (80 lmol m )2 sec )1 white light). Thus, Zn(II) hypersensitivity in hma1 is exhibited, regardless of the light conditions.
The expression of HMA1 complements Zn(II) hypersensitivity in hma1-1 plants
To confirm that HMA1 performs a role in Zn(II) detoxification, we expressed recombinant HMA1 in hma1-1 plants under the control of its own promoter. Five independent T 3 transgenic lines (HMA1-1-HMA1-5) were selected, i.e. single T-DNA insertion homozygous promoter-HMA1 transgenic lines (complementation lines). Similar shoot fresh weights and chlorophyll contents were observed in hma1-1, complementation lines and wild-type plants grown on halfstrength MS medium ( Figure 3b , left column). However, in the presence of 0.35 mM ZnCl 2 , the growth of hma1-1 mutants was severely reduced, whereas the growth of the five complementation lines was similar to that of wild-type plants ( Figure 3a ). All five complementation lines exhibited higher shoot fresh weights, chlorophyll contents and root lengths than hma1-1 plants ( Figure 3b , right column), and the growth of HMA1-1 and HMA1-3 exceeded that of wild-type plants.
Real-time RT-PCR was used to quantify the relative expression levels of HMA1 in the five complementation lines. HMA1 transcripts were detected in all complementation lines, and transcripts levels were slightly higher in the HMA1-1 and HMA1-3 lines than in wild-type plants (Figure 3c ). The relative levels of HMA1 transcripts were closely correlated with the chlorophyll contents of plants grown in medium containing 0.35 mM ZnCl 2 ( Figure 3d ). These (c) The relative levels of HMA1 transcripts were quantified using real-time RT-PCR. Means from two independent experiments are presented. The cycle threshold (C T ) is the cycle number at which the PCR product totals a set threshold. Transcript levels were calculated relative to wild-type from the arithmetic means of C T values from three replicates. Ubiquitin was analyzed as a constitutively-expressed control gene. The DC T values were calculated as follows: DC T = C T (HMA1) ) C T (Ubiquitin). Bars represent SD. results indicate that plants with higher HMA1 expression levels exhibit a greater resistance to excess Zn(II), confirming that HMA1 performs Zn(II) detoxification in Arabidopsis.
HMA1 is expressed preferentially in shoots
RT-PCR was used to analyze the expression pattern of HMA1 in various tissues of wild-type plants. Under normal conditions, HMA1 was expressed preferentially in shoots, including rosette leaves, cauline leaves, flowers and stems, but little expression was observed in the roots (Figure 4a) . To examine the site of HMA1 expression, two HMA1 promoter regions (1-and 2-kb upstream from its start codon) and the first exon were fused to GUS and expressed in transgenic Arabidopsis. Over 20 independent lines of the Arabidopsis plants transformed with the two constructs were examined, and all of them showed similar tissuespecific expression patterns of GUS. GUS activity was detected in whole seedlings, and this activity was higher in shoots than in roots (Figure 4b ). Microarray data obtained with Genevestigator (https://www.genevestigator.ethz.ch) also indicated that shoots were the predominant site of HMA1 expression (data not shown). To identify the specific site of HMA1 localization, plants were sectioned longitudinally and GUS activity was detected in the chloroplasts or plastids of stems and hypocotyls (Figure 4e ,f, respectively).
For further our understanding of HMA1 localization, the HMA1 promoter region and full-length HMA1 cDNA were fused to the gene encoding green fluorescence protein (GFP), followed by expression in transgenic hma1-1. In order to validate that HMA1:GFP transgenic plants represented a bona fide indicator of both tissue-specific and intracellular HMA1 localization, their Zn(II) sensitivity was tested. In the presence of 0.4 mM ZnCl 2 , the three independent HMA1:GFP transgenic lines grew better than the hma1-1 mutant (Figure 5a ), whereas they grew similarly to both wild-type and hma1-1 plants on half-strength MS medium (data not shown). As HMA1:GFP complements the HMA1 activity in the hma1-1 mutant, it is likely that the recombinant protein exhibits the same localization as that found in wild-type plants. In intact HMA1:GFP transgenic roots, green fluorescence signals were detected in the vascular tissue and epidermal cells in spotty patterns (Figure 5b ), whereas these signals were not detected in the wild-type root.
HMA1 is localized to the chloroplast envelope
To determine the cellular location of HMA1, transgenic HMA1:GFP fluorescence signals were observed in more detail. A distinct green fluorescence signal delineated the chloroplasts of guard cells in transgenic leaves (Figure 5c top, center and right), whereas those of wild-type leaves showed only diffuse chlorophyll autofluorescence this peptide directs HMA1 to the chloroplast, we generated a construct encoding a fusion between GFP and HMA1 1-60 (HMA1 1-60 :GFP), which was transiently expressed in Arabidopsis protoplasts. A green fluorescence signal from HMA1 1-60 :GFP was detected in the chloroplasts of transformed protoplasts ( Figure S5B , cell on the left), but not in the chloroplasts of untransformed protoplasts ( Figure S5B , cell on the right).
To verify that HMA1 localizes to the chloroplast envelope, crude membrane samples were extracted from wild-type and hma1-1 plants, and then fractionated using a sucrose density gradient. HMA1 was detected with anti-HMA1 antibody (Seigneurin-Berny et al., 2006), a kind gift from Dr Norbert Rolland (University Joseph Fourier). HMA1 was identified in the fractionated membranes from wild-type Arabidopsis (Figure 6a , first line), but not in those from hma1-1 mutants (Figure 6b , first line). The chloroplast envelope protein TOC75 (Bauer et al., 2000) was detected with anti-TOC75 antibody, and could be found primarily with HMA1 in fractions 8, 9 and 10 ( Figure 6a, 2nd line) . However, markers for the plasma membrane (AHA and PIP1), endoplasmic reticulum (ER) membrane (BIP) and vacuolar membrane (c-TIP and H + -PPase) were detected in the heavier fractions (Kobae et al., 2006) . These results indicate that HMA1 localizes to the chloroplast envelope, and not to the plasma, ER or vacuolar membranes.
HMA1 knock-outs accumulate more Zn than wild-type plants
To reveal the mechanism underlying HMA1 function in Zn detoxification, Zn content was analyzed in wild-type, hma1-1 and hma1-2 plants. When grown on normal halfstrength MS agar, hma1-1 and hma1-2 shoots exhibited significantly higher Zn contents than those of wild-type plants (Figure 7a ). The Zn content of shoots increased with increasing concentrations of Zn(II) in the medium, and hma1-1 mutants accumulated more Zn than wild-type plants (Figure 7b ), i.e. the Zn content of the shoots in hma1-1 mutants was 120% that of the wild-type plants (a) (b) Figure 6 . Chloroplast localization of HMA1 revealed using membrane fractionation and immunoblot analyses. Sucrose density gradient fractionation was performed on crude membrane preparations from shoots of wild-type (a) and hma1-1 (b) plants. Proteins were detected using antibodies against HMA1, Toc75, AHA, PIP1, Bip, c-TIP and H + -PPase; CE, chloroplast envelope; PM, plasma membrane; ER, endoplasmic reticulum; VM, vacuolar membrane.
when grown on medium containing 0.4 mM Zn(II). These results suggest that under conditions of Zn(II) excess, Zn removal is inhibited when HMA1 is absent from the chloroplast envelope.
HMA2 and HMA4 are involved in the long-distance transport of Zn between organs (Hussain et al., 2004; Verret et al., 2004; Mills et al., 2005) . To determine whether HMA1 functions similarly, we examined Zn contents at the individual organ level. The Zn contents of cauline leaves, flowers, siliques, stems and mature seeds were similar between wild-type and hma1-1 plants treated with distilled water (Figure 7c ). However, in plants watered with a 4 mM ZnCl 2 solution, the rosette leaves, cauline leaves, flowers and siliques of the hma1-1 mutant accumulated more Zn than those of the wild type (Figure 7d ). Stem Zn content was highly variable between plants. Unlike hma4 mutants, which accumulate lower and higher levels of Zn than wild-type plants in their shoots and roots, respectively Mills et al., 2005) , we did not detect any organ-specific difference in the Zn content of hma1-1 mutants. Thus, it is unlikely that HMA1 is important in the long-distance transport of Zn between organs.
The chloroplasts of HMA1 knock-out plants retain excess Zn
Because HMA1 was localized to the chloroplast envelope ( Figures 5 and 6 ), it seemed likely that the differences in the Zn(II) contents reflected a change in chloroplastic Zn(II). To determine whether the Zn content of chloroplasts is elevated in hma1-1 plants exposed to excess Zn(II), we grew the plants on half-strength MS media supplemented with 0.2 mM ZnCl 2 , where the growth of wild-type and hma1-1 plants was similar. A higher concentration of Zn(II) was avoided, as it induces differences in the overall growth rate and chlorophyll content (normalization factor) between the wild type and the mutant (Figure 7b ), which would have made the interpretation of the data very difficult. Only intact chloroplasts were isolated from these plants, and their metal contents were measured using inductively coupled plasma (ICP)-MS.
The Zn content in the hma1-1 mutant chloroplast was higher than in the wild-type chloroplast, whereas the Cu, Fe and Mg contents were similar (Figure 8a ; Mg and Fe data not shown). The Zn:Mg ratio was 1.5-fold higher in the hma1-1 chloroplast than in the wild-type chloroplast (Figure 8a, left) . If the Zn content was normalized to the chlorophyll content, Figure 7 . Increase in the Zn content of shoots in hma1-1 mutant exposed to excess Zn(II) conditions. For (a) and (b), seeds were germinated and grown for 2 weeks on half-strength MS agar media without (a) or with additional Zn(II) supplementation (b). Means from three independent experiments are shown with three replicates per experiment. For (c) and (d), seeds were sown and grown on soil. Plants were watered with tap water until bolting. After bolting, plants were watered with distilled water (c) or 4 mM ZnCl 2 (d) for 7 days; RL, rosette leaf; CL, cauline leaf; FL, flower; SL, silique; ST, stem; SD, mature seed. Means from two independent experiments are shown with four replicates per experiment. One replicate consisted of three plants. Error bars represent the SE. *P < 0.05, **P < 0.001; Student's t-test.
the Zn content was also much higher in the hma1-1 chloroplast than in the wild-type chloroplast (Figure 8a , right). Under the conditions used to perform this experiment, Zn contents in the whole shoots of the hma1-1 plants were only slightly higher than in those of the wild-type plants (Figure 8b ). The Cu, Zn (Figure 8b ), Mg and Fe (data not shown) contents in the shoots of the hma1-1 plants were not noticeably different from those of the wild-type plant. These results suggest that the hma1 mutant is more susceptible to excess Zn(II) than the wild type because it cannot remove excess Zn from its chloroplasts.
Expression of HMA1 renders yeast more sensitive to excess Zn(II)
To test whether HMA1 transports Zn(II), the heterologous expression of HMA1 was performed in budding yeast. As shown previously by Seigneurin-Berny et al. (2006) , the recombinant expression of full-length HMA1 did not alter the growth of yeast on medium containing excess Zn(II) (Figure 9a, 3rd lane) . As the N terminus of HMA1 contains the chloroplast-targeting peptide ( Figure S5B ) and poly-His motif (Figure 1a) , it is possible that these features inhibit its folding and targeting in the yeast system, and that improperly folded or targeted HMA1 would be unable to transport Zn(II). Consistent with this possibility, the deletion of 89 amino acids from the N-terminal region of HMA1 (HMA1D89) has been shown to alter the sensitivity of yeast to excess Zn(II), i.e. HMA1D89-expressing yeast cells were more sensitive to excess Zn(II) and Cu(II) than were wild-type cells (Seigneurin-Berny et al., 2006) .
To test the Zn(II)-transporting activity of HMA1, we used the Zn(II)-sensitive yeast mutant Dzrc1. ZRC1 detoxifies excess Zn(II) by sequestering it into vacuoles (Li and Kaplan, Figure 8 . Increase in the Zn content of chloroplast in wild-type and hma1-1 mutants exposed to 0.2 mM Zn(II). Seeds were germinated and grown for 2 weeks on half-strength MS agar media supplemented with 0.2 mM Zn(II). Cu and Zn contents in chloroplasts (a), or in shoots (b) were assayed using inductively coupled plasma (ICP)-MS, and were normalized by Mg (a, left) or chlorophyll (a, right) contents, or by the dry weight of the plant (b). Means from five independent experiments are shown. Error bars represent the SE. *P < 0.05; Student's t-test.
(a) (b) Figure 9 . Functional analysis of HMA1 expression in yeast. Expression of HMA1D89 causes increased Zn(II) sensitivity in Dzrc1 yeast. Growth on half-strength synthetic GAL (SG) medium with or without Zn(II) supplementation is shown; WT, wild-type; EV, empty vector; HMA1D89, construct with 89 amino acids deleted from the N terminus; D453A, Ala substitution of Asp453. 1998). On normal nutrition medium, Dzrc1 and isogenic wildtype yeast grew similarly (Figure 9a, left, lanes 1 and 2) , whereas on 5 mM ZnCl 2 -containing medium, the growth of Dzrc1 yeast was more severely retarded than that of wildtype yeast (Figure 9a, right, lanes 1 and 2) . HMA1D89 expression exacerbated the sensitivity of Dzrc1 to excess Zn(II). On medium containing 5 mM Zn(II), growth was inhibited more severely in cells expressing HMA1D89 than the empty vector (EV)-transformed control (Figure 9a , right, lanes 2 and 4), suggesting that HMA1 transports Zn(II) in yeast.
To check whether the altered Zn(II) sensitivity of the HMA1D89-expressing yeast was indeed the result of the Ptype ATPase activity of HMA1, a mutant construct of HMA1 was generated. Asp453, the site of phosphorylation in the DKTGT consensus sequence (Figure 1a ) (Moller et al., 1996) , was substituted with Ala, to produce HMA1D89 D453A . On medium containing 5 mM Zn(II), the expression of HMA1D89 D453A did not appear to alter the Zn sensitivity of Dzrc1 yeast; and its growth was similar to that of the EVtransformed control (Figure 9a , right, lanes 2 and 5). These results suggest that in yeast, HMA1D89 transports Zn(II) via a typical P-type ATPase mechanism. The growth differences between the different strains of yeast were caused by Zn 2+ ,
and not by Cl ) , supplemented in the medium (in the form of ZnCl 2 ), as the same differences were observed for ZnCl 2 -and ZnSO 4 -containing media (Figure 9a,b) .
The intracellular localization of HMA1D89 in yeast
To identify the intracellular localization of HMA1D89 in yeast, we transformed Dzrc1 yeast with a construct that expressed HMA1D89 fused to GFP (HMA1D89:GFP). Green fluorescence from HMA1D89:GFP expression was detected on the periphery of the cell, as well as on the membranes of the intracellular organelles in both spheroplasts ( Figure 10A ) and intact yeast ( Figure 10B ). To evaluate whether HMA1D89:GFP was a good indicator of HMA1D89 localization, we compared the sensitivity to excess Zn(II) of Dzrc1 yeast expressing HMA1D89:GFP and HMA1D89. On control half-strength synthetic GAL (SG) medium, we observed no significant difference between the growth of Dzrc1 yeast cells expressing HMA1D89 and HMA1D89:GFP ( Figure 10C , left). However, on half-strength SG medium containing 4 mM Zn(II), the expression of HMA1D89:GFP exacerbated the sensitivity to excess Zn(II) to a similar extent as HMA1D89 ( Figure 10C , right).
Expression of HMA1 increases the Zn content in yeast
To investigate the mechanism by which HMA1D89 exacerbates the sensitivity of the Dzrc1 mutant yeast to excess Zn(II), we measured the Zn content of HMA1D89-expressing cells. When cultured in the presence of 0.5 mM ZnSO 4 , Dzrc1 yeast accumulated less Zn than the wild type (P < 0.02), as reported previously (Li and Kaplan, 1998) . In contrast, HMA1D89-expressing Dzrc1 yeast accumulated more Zn than EV-transformed control cells (P < 0.02) (Figure 11 ). In addition, the Zn content of HMA1D89 D453A -expressing yeast was similar to that of EV-transformed control cells (Figure 11 ). These results suggest that in yeast, HMA1D89 causes the accumulation of Zn by functioning as a P-type ATPase.
DISCUSSION
In this study, we have presented evidence that HMA1 plays a role in zinc tolerance. Three independent alleles of hma1 plants exhibited a Zn(II)-hypersensitive phenotype (Figure 2a expressed HMA1 under the control of its own promoter, were restored to the wild-type phenotype in Zn(II) resistance, indicating that the Zn(II)-hypersensitive phenotype observed in the knock-out mutant is indeed caused by the absence of HMA1. In the complemented plants, resistance to excess Zn(II) correlated with HMA1 expression levels ( Figure 3d ). Membrane fractionation analysis and microscopic observations of the HMA1:GFP fusion protein, revealed that HMA1 is targeted to the chloroplast envelope (Figures 5 and 6 ). Under excess Zn(II) conditions, the hma1 mutant accumulated more Zn than the wild type in the shoot (Figure 7 ) and in chloroplasts (Figure 8a ). In yeast, the expression of HMA1D89 increased the sensitivity to excess Zn(II) provided in the medium (Figure 9 ), and these cells accumulated more Zn(II) than the corresponding control cells (Figure 11 ). Based on these results, we propose that HMA1 protects the chloroplast against Zn(II) toxicity by exporting Zn(II) to the cytoplasm (Figure 12 ). In a former study, Seigneurin-Berny et al. (2006) also observed that HMA1 is localized to the chloroplast envelope, and that hma1 mutants are more susceptible to high levels of light than wild-type plants. Moreno et al. (2008) showed that HMA1-dependent ATPase activity is increased by Cu(II), Zn(II) and Co(II). Seigneurin-Berny et al. (2006) also observed a reduced Cu(II):Mg(II) ratio in the mutant plants, and suggested that HMA1 transports Cu(II) into the chloroplast, where it is used by Cu/Zn-SOD, which eliminates superoxide generated during photosynthesis. The copper in chloroplasts is primarily incorporated into plastocyanin and SODs. The puzzling observation is that hma1 knock-out plants exhibit substantially reduced copper levels, without decreasing their plastocyanin content. Based on the literature, about 50% of the copper present in plastids is bound to this protein (Marschner, 1995) . In addition, the authors could not observe any difference in the growth of hma1 plants in any Cu concentrations used, nor did they detect any enhanced sensitivity of overexpressing plants to copper (Seigneurin-Berny et al., 2006) .
In the light of the following observations, we propose that HMA1 performs functions that are additional to copper transport for ROS removal during photosynthesis. First, according to our GUS and GFP analysis (Figures 4 and 5) and Genevestigator data (https://www.genevestigator. ethz.ch), HMA1 is expressed in roots as well as in leaves. Root plastids require far less copper, as they do not produce plastocyanin, which is the major copper-requiring protein in green cells, and which may fix >50% of plastidic copper (Prasad and Hagemeyer, 2004) . Second, the Zn(II)-detoxification function of HMA1 does not depend on ROS scavenging during photosynthesis, as supported by the hypersensitivity of the hma1 mutant to excess Zn(II), even under dark conditions, in which the plants would not exhibit photosynthetic activity ( Figure S4 ). Third, seedlings lacking HMA1 show a significantly reduced tolerance for Zn(II) (Figure 2 ). Seigneurin-Berny et al. (2006) did not report any Zn(II)-related phenotypes in the hma1 plants. However, their mutant was generated in the WS background, which in general shows more resistance to heavy metals than Col-0. We also observed that the hma1 mutant from the WS background had a much less pronounced Zn(II)-sensitive phenotype than that from the Col-0 background (compare Figure 2b,a) . The Zn(II)-sensitive phenotype, together with the increased Zn content in chloroplasts, led us to hypothesize that HMA1 functions as a plastidic zinc exporter.
In order to obtain additional insights regarding HMA1 function, we used a heterologous expression system, and introduced HMA1 into budding yeast. When HMA1 was expressed in yeast mutants with defects in Zn(II) transporters, the yeast cells became even more Zn(II) sensitive, and accumulated more Zn (Figures 9 and 11) . A similar result was obtained by Seigneurin-Berny et al. (2006) . It may be that transporters located in organelle membranes pump Zn(II) into the lumen of the organelles, resulting in the accumulation of Zn(II). The Zn(II) concentration may increase to levels that are inhibitory to the metabolism of the organelle, thereby reducing the growth of the cells. This possibility is supported by our localization experiments, which showed that HMA1 was targeted to intracellular membranes, as well as to the plasma membrane. In contrast, Moreno et al. (2008) obtained Zn(II)-resistant yeasts by expressing HMA1. One possible explanation for this inconsistency is that Moreno et al. (2008) expressed the complete sequence containing the chloroplast-targeting sequence. It is likely that such a construct would be targeted to membranes that are different from those targeted by the construct that does not include the chloroplast-targeting signal. This would have resulted in differences in the distribution patterns of Zn within the cell. It should be mentioned that Seigneurin-Berny et al. (2006) , as well as we, did not observe any phenotype after expressing the fulllength cDNA in yeast. Other observations by Moreno et al. (2008) suggested that HMA1 transports Zn(II), and many other cations, as they found that the ATPase activity of yeastexpressed HMA1 is enhanced by many cations including Zn(II), Cu(II), Cd(II), Co(II) and Ca
2+
. However, although we can identify metals that affect the ATPase activity of HMA1 in yeast or in vitro, a heterologous system does not necessarily indicate which of these substrates are important in vivo. To confirm which of these metals are transported in planta, it is necessary to analyze the metal-related phenotypes of hma1 knock-out plants. We have shown that hma1 knock-out mutants exhibit strong Zn(II)-sensitive phenotypes, indicating that HMA1 plays a role in Zn(II) transport and detoxification.
The findings that the absence of HMA1 caused an increase in the Zn content of chloroplasts (Figure 8) , and that HMA1 localizes to the chloroplast envelope (Figures 5 and 6 ), support our hypothesis that HMA1 transports Zn(II) from the chloroplast to the cytoplasm. In general, the ion content of plants is reduced by the expression of transporters that translocate any given ion from the organelle to the cytoplasm. The overexpression of the Arabidopsis vacuolar protein AtNramp3, which transports heavy metals to the cytoplasm, leads to decreasing levels of Zn and Mn in plants ( Thomine et al., 2003) . Conversely, the ion content of plants increases, following the expression of ion transporters that move ions from the cytoplasm to the intracellular organelles. For example, Na + accumulates in plants following the overexpression of the Na + -sequestering transporter NHX1, which is an Arabidopsis vacuolar Na + /H + antiporter (Apse et al., 1999) . Furthermore, the Zn content of plants are reduced when RNA interference and T-DNA insertional mutations were used for the gene silencing of the vacuolar Zn(II)-sequestering transporter AtMTP1 (Kobae et al., 2004; Desbrosses-Fonrouge et al., 2005) . Based on the same line of reasoning, we suggest that the increased Zn content of hma1 chloroplasts is the result of decreased Zn(II) transport from the chloroplasts into the cytoplasm. Because chloroplasts represent no more than 10% of the total volume in a mesophyll cell, the accumulation of Zn in the chloroplasts does not necessarily result in a large change in the Zn content of the whole plant. However, the accumulation of Zn(II) in chloroplasts is highly toxic because the ionic radius of Zn(II) is similar to those of Mg(II) and Fe(II), and hence, Zn(II) can substitute easily for Mg(II) in chlorophyll or Fe(II) in cytochrome (Marschner, 1995) , but Zn(II) cannot carry out the oxidoreduction reactions of Mg(II) or Fe(II) (Marschner, 1995) . Thus, many chloroplast enzymes and protein complexes, including plastoquinone, ferredoxin, ferredoxin-NADP oxidoreductase and photosystems I and II, are expected to be sensitive to excess Zn(II). The accumulation of Zn(II) in the chloroplast induces chlorosis and a malfunction of photosynthesis. In order to detoxify the chloroplast, the excess Zn(II) must be removed, and HMA1 may serve this function. In addition, it is possible that excess Zn(II) could result in the replacement of Cu(II) in SOD, which would lead to the highly light-sensitive hma1 phenotype observed by Seigneurin-Berny et al. (2006 Regardless of the potential differences in the extent of the sensitivities between the ecotypes, our results strongly support a Zn(II) detoxifying function of HMA1 for the removal of Zn from the chloroplast in planta under excess Zn(II) stress conditions. The amino acid sequence of HMA1 differs from that of other members of the HMA family at residues that are important for substrate specificity (Figures 1, S1 and S2 ). This distinctive sequence may underlie its uniquely broad substrate specificity. Therefore, we suggest that it is more appropriate to classify HMA1 as an independent subfamily of the HMA family, rather than with the Zn(II)-specific ATPases HMA2, HMA3 and HMA4. This classification is supported by our analysis of the evolutionary relationship between these proteins, which suggests that HMA1 is more ancient than other members of the HMA family (Figure 1b) . No other plant P-type ATPase has been shown to have as broad a substrate specificity as HMA1, and the biochemical basis and physiological functions of this unique and interesting ATPase need to be explored further.
EXPERIMENTAL PROCEDURES Sequence analysis and phylogenetic trees
Amino acid sequences were analyzed and a phylogenic tree was generated as described in Appendix S1.
Primers used in PCR
The primers used in PCR are listed in Appendix S1.
Plant material and growth conditions
Plants were grown as described previously (Kim et al., 2007) . Arabidopsis seeds containing HMA1 knock-outs were obtained from the Salk Institute genomic analysis laboratory (http://signal. salk.edu/cgi-bin/tdnaexpress) and INRA (http://www.international. inra.fr). The stock numbers and selection of homozygous HMA1 knock-out plants are described in Appendix S1.
Measurement of fresh weight, chlorophyll content and Zn content
Arabidopsis plants were grown on half-strength MS agar medium containing 1.5% sucrose and Zn(II) for 2 weeks. The shoots were weighed (fresh weight) and rinsed in ice-cold distilled water for the measurement of Zn content. The Zn content was measured as described previously (Kim et al., 2002) . Chlorophyll was extracted from whole shoots, and the chlorophyll concentration was measured as described previously (Oh et al., 1997) . Chloroplasts were purified using percoll gradients (Martines-Zapater and Salinas, 1998), as described in Appendix S1.
Cloning of HMA1 and plasmid construction
RT-PCR was used to isolate the full-length sequence encoding HMA1 from RNA extracted from 2-week-old Arabidopsis seedlings. The primers used for amplification of HMA1 were HMA1-F and HMA1-R. PCR products were ligated into pGEM Ò -T Easy (Promega, http://www.promega.com), and the fidelity of the amplification was confirmed by sequencing.
Expression of HMA1 in HMA1 knock-out Arabidopsis
A 1-kb region upstream from the start codon of HMA1 (Pro1) was PCR-amplified from genomic DNA extracted from 2-week-old Arabidopsis seedlings. The primers used for amplification of Pro1 were HMA1P-F and HMA1P-R. The PCR products were ligated into pGEM Ò -T Easy, and their fidelity was confirmed by sequencing. The Pro1 fragment was cloned into the HindIII and BamHI sites of pBI101.2 (Jefferson et al., 1987) , followed by the insertion of the HMA1 sequence. The transformation of Arabidopsis and transformant selection were carried out as described previously (Lee et al., 2003) .
Expression of promoter-TMD1:GUS in Arabidopsis
The Promoter1-TMD1:GUS and Promoter2-TMD1:GUS plasmids were constructed as described in Appendix S1. These constructs were transformed into Arabidopsis, and transformants were selected as described above. Selected plants were grown on half-strength MS plates or in soil, and were then incubated for 1 day in GUS solution containing X-Gluc (5-bromo-4-chloro-3-indolyl-b-Oglucopyranoside) at 37°C. The fixing and sectioning of transgenic plants was performed as described previously (Ha et al., 2003) .
Expression of HMA1:GFP in Arabidopsis
For stable expression of HMA1:GFP in Arabidopsis, HMA1:GFP was cloned into pBI101.2 containing a 2-kb region upstream of the start codon of HMA1. Using this construct an Arabidopsis hma1-1 mutant was transformed, and transformants were selected as described above.
HMA1 transcription in wild-type Arabidopsis
To identify the precise location of HMA1 expression, various tissues were harvested from 2-week-old seedlings grown on half-strength MS agar plates, and from 4-week-old plants grown in soil. Following extraction of total RNA, RT-PCR was performed using the genespecific primers e and f for the amplification of the cDNA. As a loading control, b-tubulin transcript was amplified using the primers Tub1 and Tub3.
To quantify the relative levels of HMA1 transcript in the complementation line, real-time RT-PCR was performed in triplicate using SYBER Green mix (TAKARA BIO INC., http://www.takara-bio.com). The primers for amplification of HMA1 were HMA1 RT-F and HMA1 RT-R. The primers for amplification of ubiquitin were Ubiq-RP and Ubiq-LP. Real-time RT-PCR analyses were performed on a Light Cycler 2.0 (Roche, http://www.roche.com).
Membrane preparation and immunoblot analysis
To obtain total membrane samples, Arabidopsis rosette leaves were homogenized, and then the homogenate was filtered and centrifuged at 10 000 g for 10 mins. The supernatant was centrifuged at 100 000 g for 2 h, and the resulting pellet was fractionated using a sucrose density gradient. Membrane preparation and fractionation, and SDS-PAGE and immunoblotting, were carried out as described previously (Kobae et al., 2006) .
Expression of HMA1 in yeast (Saccharomyces cerevisiae)
A fragment encoding HMA1 was cloned into pYES2 (Invitrogen, http://www.invitrogen.com), yielding pYES2-HMA1, which was then introduced into various strains of yeast via the lithium acetate method (Ito et al., 1983) . The yeast strain Dzrc1 (Li and Kaplan, 1998) and its isogenic wild-type BJ5458 were used. For the Zn(II) sensitivity test, yeast strains were grown for 5 days on half-strength SG agar plates, with or without Zn(II) supplementation.
To express HMA1:GFP in yeast, HMA1:GFP was cloned into pYES2 and then introduced into Dzrc1, as described above. Yeast strains were grown in SG broth for 24 h with shaking, and expression of the fusion protein was monitored. Fluorescence images were captured as described in Appendix S1.
To measure the Zn content in yeast, cultures were grown for 2 days with shaking in SG broth containing 0.5 mM ZnSO 4 . Cells were harvested, rinsed with ice-cold distilled water and the Zn content was then measured as described above.
Statistical analyses
Statistical analyses were performed using the Student's t-test.
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